Functional magnetic resonance imaging (fMRI) provides a unique view of the working human mind. The blood-oxygen-level-dependent (BOLD) signal, detected in fMRI, reflects changes in deoxyhemoglobin driven by localized changes in brain blood flow and blood oxygenation, which are coupled to underlying neuronal activity by a process termed neurovascular coupling. Over the past 10 years, a range of cellular mechanisms, including astrocytes, pericytes, and interneurons, have been proposed to play a role in functional neurovascular coupling. However, the field remains conflicted over the relative importance of each process, while key spatiotemporal features of BOLD response remain unexplained. Here, we review current candidate neurovascular coupling mechanisms and propose that previously overlooked involvement of the vascular endothelium may provide a more complete picture of how blood flow is controlled in the brain. We also explore the possibility and consequences of conditions in which neurovascular coupling may be altered, including during postnatal development, pathological states, and aging, noting relevance to both stimulus-evoked and resting-state fMRI studies. 
INTRODUCTION
Noninvasive assessment of human brain function is a major challenge. Techniques such as electroencephalography (EEG) and magnetoencephalography (MEG) provide direct measurement of neuronal activity but are faced with sensitivity, localization, and resolution issues and are rarely used for functional brain imaging research. All other current methods of human functional brain imaging rely on proxy measures of neuronal activity that are related to local blood flow, oxygenation, or metabolism (Raichle 1998) . The most common of these functional brain imaging techniques is functional magnetic resonance imaging (fMRI).
WHAT IS THE f MRI BOLD SIGNAL?
fMRI relies upon the measurement of T2 * relaxation, which is sensitive primarily to local concentrations of paramagnetic deoxyhemoglobin (HbR) (Ogawa et al. 1990 ). The so-called fMRI blood-oxygen-level-dependent (BOLD) signal increases with decreasing HbR and can be analyzed to produce localized maps of functional activity in the human brain. However, despite widespread use for almost 20 years, the fMRI BOLD signal is still poorly understood , Girouard & Iadecola 2006 , Logothetis 2010 ).
Interpretation of the fMRI BOLD signal is intrinsically linked to understanding the underlying physiological and metabolic processes in the brain that modulate blood flow. A prevailing misconception is that BOLD provides a direct measurement of neuronal oxygen consumption. However, this is generally not the case; classic positive BOLD signals, seen in response to functional stimuli, represent a decrease in HbR and thus an overoxygenation of the responding region (Attwell & Iadecola 2002) . These positive BOLD responses correspond to a local, actively actuated, increase in blood flow and volume, which brings blood in sufficient excess to increase local oxygenation levels (Raichle 1998) . This response typically begins within ∼500 ms and peaks 3-5 s after stimulus onset (Figure 1) , even for short stimuli lasting less than 1 s (Hirano et al. 2011 , Martindale et al. 2003 , Yesilyurt et al. 2008 , with more complex dynamics for prolonged stimuli (Figures 2 and A typical stimulus-evoked response in the rat somatosensory cortex. Stimulus was 4 s of ∼1 mA, 3 Hz forepaw stimulation. Data were acquired using multispectral optical intrinsic signal imaging of the exposed cortex, averaged over the responding region. Dark gray trace shows calcium response to the same stimulation, measured using bulk cortical injection of calcium-sensitive fluorophore Oregon green 488 BAPTA-1 AM (Bouchard et al. 2009 ). Figure reproduced from Hillman (2007) . Notably, there is a distinct increase in total hemoglobin (HbT) corresponding to vessel dilation and an increase in the number of red blood cells per unit volume of cortex, consistent with an increase in blood flow. Oxyhemoglobin (HbO) increases while deoxyhemoglobin (HbR) decreases, indicating a net overoxygenation of the region. The fMRI BOLD signal is sensitive to changes in HbR, where stimulus-evoked 'positive BOLD' corresponds to the decrease in HbR shown here. The response begins within ∼500 ms of stimulus onset and peaks at 3-5 s before slowly returning to baseline. Note that the first large calcium response (corresponding to neuronal activity) precedes marked hemodynamic changes. . The active process linking local neuronal activity to an orchestrated increase in local blood flow is termed neurovascular coupling. The spatiotemporal properties of the BOLD response to stimulus are therefore strongly dependent upon neurovascular coupling and the dynamic properties of the vasculature that alters blood flow through its physical dilation and constriction. For classical interpretation of fMRI BOLD signals (Boynton et al. 1996) , it is assumed that neurovascular coupling is so robust that any increase in neuronal activity generates a proportional increase in local blood flow, irrespective of brain region, brain development, and pathological state (Logothetis 2010 ). We return to the possible implications of these conditions in later sections. However, we begin by reviewing what is currently known about the cause, manifestations, and mechanisms of neurovascular coupling that drive stimulus-evoked functional hyperemia leading to positive BOLD in the normal brain.
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WHY DOES BLOOD FLOW INCREASE?
The BOLD response is clearly an essential component of normal brain function (Girouard & Iadecola 2006 , Mogi & Horiuchi 2011 , Schroeter et al. 2007 ), yet its relationship to neuronal metabolism is less clear. Questioning whether neurovascular coupling simply matches supply to demand, several studies have maintained animals in hyperoxic or hyperglycemic states, with the surprising result that all continued to exhibit functional hyperemia in response to stimulation despite plentiful availability of oxygen and/or glucose , Wolf et al. 1997 . Hypoglycemia in humans produced similar results (Powers et al. 1996 ). These studies demonstrate that blood flow increases are not triggered simply by local sensing of depleted nutrients.
The fact that blood flow increases are high enough to generate local hyperoxygenation, far exceeding oxygen consumption, also suggests an indirect relation between oxygen supply and demand. While one recent study suggested that high oxygen gradients are required to supply all active cells (Devor et al. 2011) , others have inferred that the role of the hemodynamic response is to provide higher levels of glucose rather than oxygen (Fox & Raichle 1986 , Fox et al. 1988 , Heeger & Ress 2002 , Paulson et al. 2009 ). Roles for functional hyperemia in waste removal and heat regulation have also been proposed (Yablonskiy et al. 2000) .
The relative delay in the peak of increased blood flow (Figure 1 ) further confirms that neurons do not rely upon functional hyperemia to meet their initial needs for increased oxygen and glucose, since neuronal firing may have ended prior to measurable changes in blood flow. One explanation proposed for this discrepancy is that neurons, or associated support cells, may maintain sufficient stores of nutrients such as glycogen to support initial neuronal responses (Brown & Ransom 2007 , Heeger & Ress 2002 , which may be necessary if the speed of the vascular response is physically limited. A later blood flow peak may serve to replenish supplies or, in the case of prolonged stimulation, could be required to sustain neuronal responses once initial stores have been depleted. One model that fits with this view is the astrocyte-neuron lactate shuttle (Pellerin et al. 2007 , Pellerin & Magistretti 1994 , which posits that astrocytes undergo anaerobic glycolysis in response to elevated glutamate levels, preserving local oxygen supplies for neuronal use, while supplying lactate as an energy substrate to neurons (Schurr 2005) . Astrocytes, located between neurons and blood vessels, are well positioned to serve this role, although the lactate shuttle model itself remains controversial (Hertz 2004 , Kasischke et al. 2004 .
So while the underlying purpose of functional hyperemia remains unresolved, the observations above point toward functional hyperemia being driven by an actively triggered process, initiated soon after stimulus onset, but which is not, at least initially, causally dependent on local metabolic needs (Attwell & Iadecola 2002) .
SPATIOTEMPORAL PROPERTIES OF THE HEMODYNAMIC RESPONSE
The sometimes counterintuitive properties of the BOLD response described above provide an important framework for determining the mechanisms initiating and sustaining functional hyperemia. Adding to this picture, recent in vivo optical imaging and two-photon microscopy studies (see sidebar) have sought to further define the precise vascular and spatiotemporal dynamics of the cortical hemodynamic response to stimulation (Blinder et al. 2013 , Drew et al. 2011 , Stefanovic et al. 2007 , Tian et al. 2010 . The properties of functional hyperemia that have emerged are illustrated in Figure 2 .
Vascular Features of Functional Hyperemia
Capillary hyperemia. Capillaries are increasingly thought to physically expand during functional hyperemia (Stefanovic et al. 2007 , Villringer et al. 1994 . Whether active or passive, this increase in capillary diameter could explain observed increases in parenchymal [HbT] , Culver et al. 2005 (Eggebrecht et al. 2012) , in addition to HbO and total hemoglobin (HbT = HbO + HbR). Optical intrinsic signal imaging (OISI) uses visible light to image the exposed cortex, allowing both the vascular dynamics of superficial vessels and local changes in HbO, HbR, and HbT to be recorded in vivo across many species, often in conjunction with electrophysiology (Boorman et al. 2010; Devor et al. 2007 , Rayshubskiy et al. 2013 , Vanzetta et al. 2005 . Laser Doppler and laser speckle flow imaging can measure blood flow dynamics (Dunn et al. 2005 , Nielsen & Lauritzen 2001 , while fluorescent reporters of neuronal activity including calcium-sensitive dyes (Bouchard et al. 2009 ), GCaMP (Akerboom et al. 2012) , metabolic cofactor flavin adenine dinucleotide (Shibuki et al. 2003) , and phosphorescent reporters of intraand extravascular PO 2 (Parpaleix et al. 2013 , Sakadzic et al. 2010 , Vanzetta & Grinvald 1999 can also be imaged dynamically in vivo. In vivo two-photon microscopy permits functional assessment of individual cells and vessels (Nizar et al. 2013) . Optical imaging data (as shown in Figures 1 and 2) have played a vital role in shaping our understanding of the origins and mechanisms of the fMRI BOLD signal (Berwick et al. 2008 , Devor et al. 2011 , Lindauer et al. 2001 , Mayhew et al. 1998 , Sheth et al. 2004 .
cerebral blood volume (CBV) changes compared with BOLD in MION-MRI (Zhao et al. 2006) . Localized parenchymal HbT increases occur very early, prior to dilation of pial arteries, and may be the underlying cause of observations initially interpreted as the initial dip (see sidebar, The Initial Dip) ).
Arteriolar/arterial dilation. Penetrating arterioles dilate during functional hyperemia (Tian et al. 2010) , although their relative timing in relation to capillary dilations has yet to be shown. Specific branches of pial arteries also dilate rapidly, extending up to >1 mm away from the center of the responding region (Li et al. 2003 , Ngai & Winn 2002 with recent evidence supporting high-speed retrograde propagation of vasodilation , Iadecola et al. 1997 , Chen et al. 2014 .
Venous changes. Increases in arterial, arteriolar, and possibly capillary diameters decrease resistance and increase blood flow. Veins are less likely to exhibit diameter increases, but instead increase their speed of blood flow (Bouchard et al. 2009 , Drew et al. 2011 ). Venous oxygenation levels increase after a short delay, as increased blood flow increases the net oxygenation level of blood leaving the capillary beds. The onset delay of venous oxygenation increases is usually attributed to capillary transit time but may also have contributions from oxygen consumption dynamics ).
Short-and long-duration stimuli. Short stimuli generate responses with a similar temporal shape irrespective of stimulus duration, and with nonlinear scaling of amplitude (up to stimuli 3-4 s long) (Hirano et al. 2011 , Martindale et al. 2003 , Yesilyurt et al. 2008 . Longerduration stimuli tend to show a peak-then-plateau pattern (Figures 2c and 4a) (Dunn et al. 2005) . More distant pial arteries tend to return toward baseline after the initial peak, whereas the www.annualreviews.org • Coupling Mechanism and Significance of the BOLD Signalplateau phase is more localized to the central parenchyma (Berwick et al. 2008) and can be more variable in amplitude than the initial peak (Drew et al. 2011 . Often in fMRI, the plateau is higher than the initial peak (Mandeville et al. 1999 ).
Cessation of stimulus.
As blood flow decreases, there is some evidence for residual high HbT in the capillary beds, which combined with frequently observed post-stimulus arterial vasoconstriction (Devor et al. 2008 ) could play a role in the poststimulus undershoot observed in fMRI (Buxton 2012 . 
THE INITIAL DIP
Early optical imaging studies reported a transient increase in cortical HbR shortly after stimulus onset (corresponding to an "initial dip" in the fMRI BOLD signal) (Malonek & Grinvald 1996) . This "dip" was found to localize to a more discrete region of the cortex than changes at later time points and was interpreted as a direct marker of neuronal oxygen consumption. Optical intrinsic signal imaging studies using 610-630-nm light (assumed to be wholly sensitive to HbR) routinely observed this dip (Chen et al. 2005 , Das & Gilbert 1997 . As fMRI became more widely used, however, relatively few researchers reported an initial dip in the BOLD signal (Hu & Yacoub 2012 , Raichle 1998 . Optical imaging studies employing additional wavelengths similarly found less evidence for an initial dip , Lindauer et al. 2001 , instead observing localized, early increases in [HbT] rather than increases in [HbR] . A recent study in awake behaving primates demonstrated that early HbT increases (assessed at isosbestic wavelength 530 nm) could in fact account for initial absorption increases at 610-630 nm, suggesting contamination and misinterpretation of earlier optical initial dip intrinsic signal data ). While the mechanistic basis of rapid, localized [HbT] increases is still being explored, it is likely a result of active neurovascular coupling. Therefore, although an initial dip may still occur in the brain, for example if functional hyperemia is delayed, optical intrinsic signal imaging maps produced using only 610-630 nm are unlikely to represent early oxygen consumption. Studies that have directly measured brief, local decreases in PO 2 prior to increases in blood flow (Ances et al. 2001 , Li et al. 2010 , Parpaleix et al. 2013 ) are consistent with this conclusion because local oxygen depletion need not have measurable effects on the oxygenation level of red blood cells within adjacent capillaries. Few recent fMRI and optical imaging studies have noted marked initial dips in their data , Devor et al. 2008 , Harris et al. 2010 , Hirano et al. 2011 , Martin et al. 2013 ).
BOLD Signal Representations of Vascular Changes
In relation to fMRI BOLD, it is important to consider the manifestation of the dynamics described above in terms of changes in [HbR] . Although the dilation of arteries and arterioles can be significant (5-25%) (Tian et al. 2010) , their small volume and high oxygenation means that arteries themselves contribute relatively little to the fMRI BOLD signal ). [HbT] response to a 12-s duration, 3 Hz, ∼1 mA electrical hindpaw stimulation recorded using optical imaging of the rat somatosensory cortex. 'Center' and 'Distant' vessels sampled are indicated in panel a. Time courses reveal that the response is more sustained within the central region, while more distant arteries return to baseline earlier, after a peak at 3-5 seconds.
[HbT] is independent of oxygenation dynamics and here represents only hyperemia due to arterial/arteriolar dilation and increased concentrations of red blood cells in the capillary beds. (d ) A sequence of optical intrinsic signal imaging (OISI) data acquired on the rat somatosensory cortex in response to 4-s, 3 Hz hindpaw stimulation. Left: images showing the field of view under green (530 nm) illumination. Below: a composite based on oxygenation-dependent baseline reflectance highlighting arteries (red ), veins (blue), and parenchyma ( green). Time sequence: [HbT] changes show an initial increase in parenchymal signal by 0.7 s after stimulus onset (color scale for 0.7 s maps shown at left; all other time points use color scale at right). Increased contrast of pial arteries corresponds to dilation (confirmed by full width half maximum calculation). Increased contrast of the intervening parenchymal space corresponds to an increase in the number of red blood cells per unit volume within the capillary beds (as well as diving and ascending arterioles and venules).
[HbR] (deoxyhemoglobin) changes show a distinctly different pattern and can be seen to localize to the shape of the draining veins, with decreases delayed relative to initial changes in [HbT] . Data reproduced from Chen et al. (2011 Chen et al. ( , 2014 and Bouchard et al. (2009) .
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Veins, however, exhibit large increases in [HbR] that contribute significantly to the fMRI BOLD signal. However, these increases can be expected to be both delayed and superficially weighted with respect to the active capillary beds and may even be shifted medially as a result of the drainage patterns of the venous system (Turner 2002) . These features are visible in the optical imaging sequence shown in Figure 2d .
Linearity versus Nonlinearity of the BOLD Response
Initial approaches to modeling and interpreting the fMRI BOLD signal assumed linear relations in which a simple hemodynamic response function (HRF) could be convolved with some driving function representing neuronal activity (Boynton et al. 1996 , Buxton et al. 1998 , Heeger & Ress 2002 . The linearity of the BOLD response was subsequently questioned by numerous reports Friston et al. 2000; Hewson-Stoate et al. 2005; Hirano et al. 2011; Martin et al. 2006 Martin et al. , 2013 Martindale et al. 2005; Sheth et al. 2004; Yesilyurt et al. 2008) , which identified nonlinear scaling in the amplitude and duration of the hemodynamic response to stimuli of different frequencies, amplitudes, and durations. A 5-ms visual stimulus, for example, yields a BOLD response almost identical to that from a 250-ms stimulus, both peaking at 3-5 s after stimulus onset. A linear relation would predict a response up to 50 times larger in the latter case (Yesilyurt et al. 2008) . The peak-plateau properties of the response for longer stimulus durations add further complexity to HRF-based modeling and quantification (Kennerley et al. 2012 , Martin et al. 2013 . The vascular properties of the hemodynamic response (Figure 2) indicate a more complex spatiotemporal neurovascular relationship than originally assumed (Buxton 2012 , Hwan Kim et al. 2013 .
In a seminal study that acquired neuronal and fMRI BOLD data simultaneously in primates, linear modeling required site-specific HRFs and found fit discrepancies for long-duration stimuli (Logothetis et al. 2001) . This study highlighted the importance of considering which measure of neuronal activity should or could be expected to correlate with the BOLD signal and found that local field potentials (LFPs) better predicted BOLD than postsynaptic multiunit spiking activity (MUA) (Cardoso et al. 2012 , Logothetis 2010 . Such questions will remain unanswered until a comprehensive picture of the cellular and vascular mechanisms of neurovascular coupling is identified.
COUPLING MECHANISMS: HOW DOES BLOOD FLOW CHANGE?
Early investigators proposed that local metabolic factors modulate local blood flow in the brain (Friedland & Iadecola 1991 , Roy & Sherrington 1890 . The possibility of direct action of neuronally derived substances such as glutamate and nitric oxide (NO) on the vasculature persisted (Attwell & Iadecola 2002 ) until the past 10 years, when a number of seminal studies introduced additional possible cellular mediators of neurovascular coupling, including astrocytes (Takano et al. 2006) , interneurons (Cauli et al. 2004) , and pericytes (Peppiatt et al. 2006) . Each of these cellular candidates is described below (pathways illustrated in Figure 3 ).
Astrocytes
Astrocyte end-feet ensheath diving arterioles, capillaries, and ascending venules throughout the cortex, and almost all astrocytes, have a process in contact with a blood vessel . Astrocyte involvement in neurovascular coupling has become widely accepted following a study that performed in vivo uncaging of calcium in astrocytic end-feet resulting in dilation of adjacent penetrating arterioles. The response to uncaging was blocked by SC-560 (COX1), methyl arachidonyl fluorophosphonate (MAFP) (PLA 2 ), and indomethacin (COX1 and -2) but was unaffected by NS-398 (COX2), L-NAME (NO), MS-PPOH and miconazole (EETS), and caffeine (adenosine). Researchers proposed that a buildup of glutamate (implying local neuronal activity) is sensed by metabotropic glutamate receptors (mGluR5s) on astrocytes, leading to increased intracellular calcium and generation of arachidonic acid derivatives such as prostaglandins capable of causing vasodilation through direct action on perivascular smooth muscle.
However, recent studies have begun to question the role of astrocytes in neurovascular coupling. Although increases in astrocytic intracellular calcium have been observed to correlate to stimulation in many cases (Schummers et al. 2008 , Winship et al. 2007 ), a recent comprehensive in vivo two-photon study suggested that measurable increases in astrocytic calcium occur after the onset of arteriolar dilation (Nizar et al. 2013) . The same study also showed that mice lacking astrocytic inositol trisphosphate (IP 3 ) type-2 receptors (necessary for generating intracellular calcium increases, which in turn would trigger the release of vasoactive arachidonic acid derivatives) still exhibited normal stimulus-evoked functional hyperemia (confirmed by Takata et al. 2013) . A further recent study found that astrocytes do not express mGluR5s in the adult brain, the presumed pathway for glutamate-mediated astrocyte activation (Sun et al. 2013 ). Finally, astrocytes do not directly contact pial arteries above the cortical surface, making astrocytes unlikely mediators of pial artery dilations . While an additional recent study has countered some of these concerns with new observations of higher speed changes in astrocytic calcium (Lind et al. 2013) , the role of astrocytes as the primary mediators of functional hyperemia in the cortex has become less certain.
Pericytes
Pericytes are small cells that wrap around vessels, particularly capillaries, and are involved in vasculogenesis and the blood-brain barrier (Armulik et al. 2005 , Winkler et al. 2011 ). In 2006, Peppiatt et al. showed that pericytes in acute in vitro retina and cerebellar slices evoked capillary vasoconstriction in response to electrical stimulation, GABA, and ATP in the retina, and noradrenaline in the cerebellum, and that this preconstriction could be reversed by glutamate. Another in vitro whole-retina study observed capillary dilation in response to bradykinin and cholinergic agonists, as well as histamine (Schönfelder et al. 1998) . Cultured pericytes relax in response to prostacyclin PGI 2 , NO (endothelial or neuronal), vasoactive intestinal peptide (VIP), and low pH, whereas constriction (wrinkling) has been observed in response to endothelial-derived ET-1, thromboxane A 2 , and angiotensin II and the catecholamines serotonin, histamine, and noradrenaline (Hamilton et al. 2010) . The presence of contractile proteins in pericytes suggests that active (rather than passive) capillary dilation could play a role in functional hyperemia.
However, discriminating active from passive effects in vivo can be very challenging, and the interplay between capillary, arteriolar, and arterial diameters, and their relative influence on vascular resistance and flow is not yet well understood. One recent in vivo study examining pericyte function failed to observe capillary dilations in response to bicuculline despite upstream dilation (Fernández-Klett et al. 2010 ). Further work is needed to define both the behavior of capillaries during stimulus-evoked functional hyperemia and the potential role of pericytes in mediating capillary dilation.
Neuronal Networks and Interneurons
Afferents from the basal forebrain are known to modulate regional blood flow via acetylcholine (ACh) release (Arnerić et al. 1988 , Chédotal et al. 1994 , Hotta et al. 2011 , Kocharyan et al. 2007 , Takata et al. 2013 , Vaucher & Hamel 1995 . Researchers have also demonstrated the release of vasoactive substances by cortical interneurons including VIP and NO (dilation) and neuropeptide Y (NPY) and somatostatin (SOM) (constriction) (Cauli et al. 2004) . It has been proposed that such local and distributed neuronal networks play a role in neurovascular coupling, potentially providing an alternate route to local coupling within the cortex (Piché et al. 2010 , Sato & Sato 1995 . More conservative models suggest that interneurons may fine-tune local hemodynamics, with astrocytes or pericytes perhaps acting as intermediaries (Attwell & Iadecola 2002 , Cauli & Hamel 2010 . However, a recent study returned to the possible importance of deep brain regions, showing that norepinephrine release from locus coeruleus afferents could generate large-scale cerebral vasoconstrictions, demonstrating that this effect may play a role in controlling and constraining functional hyperemia (Bekar et al. 2012 , Kozberg et al. 2013 ).
Propagated Vasodilation
Overall, because no single coupling mechanism has been demonstrated incontrovertibly, the prevailing view is that some combination of the mechanisms above must work together to generate the blood flow response . However, one component of neurovascular coupling that has been overlooked in recent years is the vasculature itself, and the potential importance of propagated vasodilation in the generation of functional hyperemia.
Retrograde propagation of vasodilation was first explored in the brain in 1997 (Iadecola et al. 1997 ) but was only recently demonstrated to occur in the cortex during functional hyperemia (Chen et al. , 2014 Tian et al. 2010) . Early studies explored propagation of vasodilation in vessels within the hamster cheek pouch but observed speeds that were too slow to account for the properties of the brain's hemodynamic response (Duling & Berne 1970) . However, recent work has identified a more rapidly propagated vasodilation mechanism, mediated via endothelial hyperpolarization (Bagher & Segal 2011 , Figueroa & Duling 2009 ). This hyperpolarization can propagate electrically within the vascular endothelium itself, traveling distances exceeding 1 mm with limited attenuation (Wölfle et al. 2011 ) and causing self-dilation via myoendothelial coupling to encircling smooth muscle cells (SMCs) via myoendothelial gap junctions or some endothelium-derived hyperpolarizing factor (EDHF). This EDHF-type dilation has been shown to be independent of NO and COX pathways, persisting in the presence of indomethacin and L-NAME. A second form of endothelially propagated vasodilation has also been characterized, which is linked to a slowly moving endothelial calcium wave (Tallini et al. 2007 ) that can propagate up to 500 microns and cause dilation of SMCs via endothelial release of NO and prostanoids such as prostacyclin (whose production in endothelial cells depends primarily on COX1 but can also involve COX2) (de Wit & Griffith 2010) .
Both forms of endothelium-dependent vasodilation can be initiated by IP 3 -mediated increases in intracellular endothelial calcium and can be generated experimentally by iontophoresis of ACh into the vascular endothelium. Short applications (<0.2-1 s) result in vasodilation closely resembling the BOLD HRF (Wölfle et al. 2011) . Other identified initiators of EDHF-type propagated vasodilation include adenosine, ATP, UTP, K + ions, and bradykinin (Marrelli et al. 2003 , Rosenblum 1986 , Winter & Dora 2007 , You et al. 1997 . Studies in isolated rat middle cerebral arteries have demonstrated that EDHF-type propagated vasodilation requires an endothelial intracellular calcium increase exceeding 340 nM, whereas slower NO/prostanoid-dependent vasodilation requires a lower threshold of 220 nM (Marrelli 2001) . These endothelial and SMC pathways are incorporated into Figure 3 .
An Integrated Model?
Despite having been extensively observed and characterized in peripheral vessels, endothelially mediated vasodilation in the brain has not been considered in recent models of functional neurovascular coupling. Incorporating propagated vasodilation presents a potentially more complete picture of how functional hyperemia may be generated (Figure 4) . EDHF-type propagated vasodilation provides an elegant mechanism to explain the rapid dilation of distant pial arteries. The possibility that endothelial signaling is initiated at the capillary level, close to active neurons, and travels retrograde along an integrative vascular route would explain the selective recruitment of specific arterial branches and the generation of an optimally localized increase in blood flow (Erinjeri & Woolsey 2002 , Sarelius & Pohl 2010 . Most neurovascular coupling research in recent years has focused on extravascular interactions with vascular SMCs (Cauli & Hamel 2010 , Takano et al. 2006 ) and mechanisms by which vasoactive prostanoids, EETs, and NO could be generated by perivascular cells such as neurons and astrocytes. Recognizing that these same substances can be released by the vascular endothelium itself removes the requirement for extravascular signaling at the level of diving arterioles. Initiation of functional hyperemia could thus occur at capillary endothelial cells, perhaps via pericytes, astrocytes, or interneurons as intermediaries, or potentially via direct ACh or other neurogenic signaling to endothelial receptors (Arnerić et al. 1988) .
We further hypothesize that fast and slow components of propagated vasodilation (Tallini et al. 2007 ) could provide a physical basis for the nonlinearities of the BOLD response. As shown in Figure 4 , rapid and transient EDHF-dependent dilation of distant pial arteries combined with a slower, more spatially restricted NO/prostanoid-dependent dilation sustaining capillary hyperemia could elegantly explain the spatiotemporal patterns illustrated in Figure 2 . Differing intracellular calcium thresholds (Marrelli 2001 ) may trigger fast EDHF-type dilation in response to large, initial neuronal responses, whereas slower NO and prostanoid-dependent dilation may be sustained by lower levels of ongoing activity. The possibly differing latencies and regenerative properties of these fast and slow responses could explain the influence of stimulus frequency, amplitude, and anesthesia on the resultant hemodynamic response. Such two-phase models have previously been proposed, based empirically on the spatiotemporal dynamics of the hemodynamic response (Cauli & Hamel 2010 , Tomita 2007 ); however, until now these models have not had a defined cellular and mechanistic basis. The involvement of at least two distinct endothelial mechanisms (EDHF, NO and prostanoid-dependent) may explain pharmacology results that have, almost without exception, failed to completely eliminate functional hyperemia through blockade of a single pathway (Lecrux et al. 2011 , Takano et al. 2006 . These same studies may need to be reinterpreted if the sensitivity of the vascular endothelium to the same pharmacological manipulations was not considered. Although further work is needed to develop this integrative model, one recent study has already confirmed a role for endothelial propagation of vasodilation in the brain during functional hyperemia (Chen et al. 2014) . Endothelial involvement in neurovascular coupling would be highly consistent with the established importance of endothelium-dependent vasodilation in the rest of the body (Andresen et al. 2006 , Marrelli 2001 . 
POSITIVE VERSUS NEGATIVE BOLD: STIMULUS-EVOKED VERSUS RESTING STATE
If oxygen consumption were to increase in the absence of functional hyperemia (e.g., if neurovascular coupling were impaired or neuronal activity failed to reach some threshold level), the resulting increase in [HbR] would produce a negative BOLD signal (Figure 5b) . Such a region would be classically interpreted as exhibiting a decrease in neuronal activity or even local inhibition ). Vasoconstriction could equally result in an increase in [HbR] and thus negative BOLD (Figure 5c ), although here, the resultant changes in [HbO] and [HbR] will depend on the properties of the vascular compartment that changed volume (see Figure 5 caption). It is important to consider that the evidence presented above suggests that vasodilation (leading to positive BOLD) is a triggered response to a specific stimulation event. This could mean that a reduction in neuronal activity would not necessarily be expected to evoke a coupled vasoconstriction by analogous mechanisms. While our above discussions of mechanisms focused on mediators of vasodilation more than constriction, a primary candidate to explain observed vasoconstrictions might be the effect of a global influence such as the norepinephrine network, uniformly driving vasoconstriction in the absence of counteracting vasodilation (Bekar et al. 2012 , Kozberg et al. 2013 . A reactive and possibly thresholddependent model of functional blood flow regulation raises questions regarding whether resting-state fMRI, in which only baseline fluctuations in the BOLD signal are measured, can be assumed to represent the properties of underlying neuronal activity in the same way as stimulus-evoked responses.
A more detailed understanding of neurovascular coupling mechanisms could directly address the question of whether fMRI BOLD responses are truly neurogenic, and explain many other effects that continue to confound fMRI interpretation such as "negative BOLD" (see sidebar, Positive versus Negative BOLD, and Figure 5 ). Understanding the mechanistic basis of spatiotemporal non-linearities in the BOLD response could permit the design of fMRI stimulation paradigms that might better probe the timing and spatial extent of neuronal activity. Candidate neurovascular coupling pathways [modified from Félétou & Vanhoutte (2004) and Attwell et al. (2010) ]. Astrocytes can sense glutamate via metabotropic glutamate receptors (mGluR) and increase their intracellular calcium (Ca 2+ ), which can generate arachidonic acid (AA) from phospholipase A 2 (PLA 2 ) which is converted by COX1 (or 3) to prostaglandins (PG) and by P450 epoxygenase to epoxyeicosatrienoic acid (EETs). Both PGs and EETs can relax smooth muscle cells (SMCs) through conversion of adenosine triphosphate (ATP) to cyclic adenosine monophosphate (cAMP). Endothelial cells can increase their intracellular calcium through transient receptor potential (TRP) cation channels, and in response to receptor (R) binding, through IP 3 -mediated release of calcium from intracellular stores [endoplasmic reticulum (ER)]. Endothelial receptor targets include acetylcholine (ACh), bradykinin (BK), adenosine diphosphate (ADP), ATP, uridine triphosphate (UTP), and adenosine. Receptor binding can activate phospholipase C (PLC) (or PLA 2 ), which via diacyl-glycerol (DAG) can also produce EETs and AA derivatives including prostacyclin (PGI 2 ), both of which can drive SMC relaxation via cAMP, while increased intracellular calcium can drive the production of endothelial nitric oxide (NO), which can affect SMC relaxation through conversion of guanosine triphosphate (GTP) to cyclic guanosine monophosphate (cGMP). Intracellular calcium increases also lead to endothelial hyperpolarization through opening of calcium-dependent potassium channels (K Ca ). Endothelial hyperpolarization could be coupled to adjacent SMCs through myoendothelial gap junctions (MEGJs) or some other endothelium-derived hyperpolarizing factor (EDHF) such as K + efflux through endothelial SKCa and IKCa channels by activating KIR and/or the Na + /K + ATPase. SMC hyperpolarization causes relaxation through inactivation of voltage-dependent calcium channels (Ca v ). Endothelial hyperpolarization can spread rapidly to adjacent endothelial cells, likely via gap junctions. Pericytes possess many SMC-like properties and could relax in response to NO and PGI 2 from astrocytes, neurons, or endothelial cells or in response to neuropeptides such as vasointenstinal peptides (VIPs). Pericytes or astrocytes could also be involved in signaling to endothelial cells. Question marks represent many other potential signaling pathways yet to be identified. Additional abbreviation: NMB, nucleus basalis of Meynert. 
Figure 4
Proposed model of nonlinear neurovascular coupling incorporating fast and slow propagated vasodilation. Neuronal activity at the capillary level could either directly or indirectly cause an increase in endothelial intracellular calcium. An initial large-amplitude increase in endothelial calcium could initiate endothelial hyperpolarization, which would be rapidly propagated with minimal attenuation to drive relaxation of perivascular SMCs all the way up to the pial arteries (Wölfle et al. 2011) . The same initial increase in endothelial calcium could also drive a slower propagating wave of increased calcium within the endothelium (Tallini et al. 2007) , bringing NO and prostanoid-dependent vasodilation over a shorter distance. Combined, these two effects would generate spatiotemporal nonlinearities consistent with the properties of functional hyperemia. A lower threshold in endothelial calcium (Marrelli 2001) for slow propagation might explain continued parenchymal hyperemia, but only transient (initial) long-range dilation as shown in Figure 2 .
IS NEUROVASCULAR COUPLING ALWAYS NORMAL?
A range of recent reports have explored conditions under which the stimulus-evoked fMRI BOLD response is altered or abnormal, including during postnatal development (Kozberg et al. 2013) , in diseases such as Alzheimer's and stroke (Girouard & Iadecola 2006 , Hamilton et al. 2010 , diabetes (Mogi & Horiuchi 2011 ), aging, and drug use (D'Esposito et al. 2003 , Schroeter et al. 2007 ). While most of these studies inferred that altered BOLD responses were a reflection of altered underlying neuronal activity, it is becoming increasingly recognized that in some situations, neurovascular coupling itself could be altered. The emerging technique of resting state functional connectivity mapping (RS-FCM) has provided additional interesting findings in relation to the diseased brain. RS-FCM records a subject's brain in the absence of specific stimuli. Resulting BOLD data show seemingly random fluctuations in signal throughout the brain; however, analysis of this data can reveal distinct spatial patterns corresponding to regions where signals are temporally correlated (Fox et al. 2005) . These regions are inferred to be functionally connected. Similar functional connectivity networks have been found across subjects; however, abnormal networks have also been identified in a wide range of neurological and psychological disorders including Alzheimer's, schizophrenia, depression, autism, attention deficit hyperactivity disorder, glioma, and multiple sclerosis (Greicius et al. 2004 , Rocca et al. 2010 , Zhang & Raichle 2010 . It is routinely assumed that RS-FCM is detecting alterations in the neuronal connectivity or processing of the brain in these conditions. However, since fMRI measures are purely hemodynamic in origin, it is important to consider that alterations in apparent functional connectivity networks could, in some cases, be the result of altered neurovascular coupling. Although this possibility retains the potential utility of RS-FCM for clinical diagnosis, the possibility that neurovascular impairment could be a symptom or cause of a pathological state exhibiting abnormal functional connectivity could provide new insights into the condition and could help to elucidate new therapies (Nicolakakis & Hamel 2011) . We should not overlook that intact neurovascular coupling is essential for normal brain function. Neurovascular deficits could feasibly manifest as attentional or psychological in the short term and neurodegenerative in the long term (Roy & Sherrington 1890 , Schroeter et al. 2007 ). Improving our understanding of neurovascular coupling in the resting, developing, and diseased brain is a critical next step. Development of fMRI-based neurovascular assessment tools and neurovascular therapies could be exciting new clinical frontiers.
SUMMARY POINTS
1. Stimulus-evoked positive BOLD is an actively driven process governed by neurovascular coupling mechanisms and the properties of the brain's vasculature.
2. Although a range of candidate mechanisms for neurovascular coupling have been proposed, a consensus has yet to be reached in the field.
3. Incorporation of propagated vasodilation and endothelial signaling into existing models may provide new explanations for the sensitivities and properties of the fMRI BOLD response.
4. Resting-state functional connectivity mapping has brought fMRI to clinical populations where neurovascular coupling may be impaired. Abnormal coupling may be the cause of alterations in functional connectivity networks in some pathologies.
5. The continuing utility and significance of both stimulus-evoked and resting-state fMRI BOLD are inextricably tied to improving our understanding of the cellular and vascular bases of neurovascular coupling in health and disease.
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